Abstract. To achieve the desired dynamic impedance and the smooth chamfer contour, some adaptive controls and intelligent control schemes are incorporated in the impedance control for uncertain constrained robot systems. Most of them still result in an uneven chamfer for its characteristics in nature as the burrs vary highly. In this paper, an intelligent force controller based on impedance control with a neural network compensator is proposed for the robotic deburring process. The compensator is used to deal with the various burrs by modifying the input command according to the contact force and reference position. The performance of the intelligent force controller is compared with the conventional impedance control. The effectiveness of the proposed approach is testified by simulation experiments of the robotic deburring process.
Introduction
Impedance control is an effective control approach for the compiant motion of manipulators. The conventional impedance control requires accurate system parameters and dynamic model. In deburring process, the environmental characteristics such as stiffness and geometry are not known accurately and vary with the change of the operation conditions. To overcome the problems, neural network and fuzzy logic are applied in force control. One method is to transfer human expert control skills in machining operation to robot by off-line learning [1] [2] [3] , and another is online-learning using neural network, which is effective to deal with unknown dynamic parameters and environments [4] [5] [6] [7] . The off-line learning needs the additional time to train the robots and can not be applied in the variety environments. However most of the online learing methods are used to get constant normal reference force in constrained environments by a simplified contact force model. Chamfering and deburring are effective as the edge has only relatively small, uniform burrs. But in reality, burrs on the edge of the workpiece are unpredictable and vary highly. When the variations of the burr size are larger and the burrs are greater，the normal force can no longer be used as an accurate measure of the chamfer depth. The control strategy based on constant force will result in an uneven chamfer for its characteristics in nature and the finished surface or edge will be an imprint of the original. In this paper, a neural network is used to regulate the position and the force in order to get the smooth surface and prevent the workpieces from damaging.
Modeling of Deburring Process
Mostly deburring process is used to remove the burr from part edges by chamfering. A carbide rotary file is assumed to be the deburring tool in this paper. Most robotic deburring systems control the chamfer depth indirectly by controlling the cutting force. To obtain the correct depth, the relationship between the desired depth and the appropriate force must be known. Some advanced models may be used for deburring process. For carbide rotary files, the average cutting force in deburring can be given as 1 n is the depth of cut exponent and 2 n is the feedrate exponent. Thus it can be seen that the cutting force in a deburring operation is a nonlinear function of the feedrate and the depth of cut. The cutting force, c F can be resolved into two planar normal and tangential components as
where n F is the normal component, n R is the normal component ratio, t F is the tangential component, and t R is the tangential force ratio. The various coefficients are experimentally determined by measuring the force for various depths of cut and federate. This paper uses the model determined for deburring of low-carbon steel parts [8] , in which the various coefficients are given as
Intelligent Controller Based on Neural Network
In general, a dynamic equation of an n -joint constrained manipulator in Cartesian space can be expressed as F is the external force exerted from the environment to the end-effector. The desired impedance property of the end-effector can be given as 
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where D K and P K are the desired positive-definite diagonal matrices for damping and stiffness gains. In order to achieve a good tracking performance and smooth surface in the presence of highly varied burrs in deburring process, a neural network compensator is integrated into impedance control (Fig. 1) , then Eq.5 becomes
( , ( 2), ( 1) 
where F is the nonlinear mapping of neural network.A popular feedforward error-back propagation neural network is used to reduce the deflection of the finished surface or edge caused by various burrs. The neural network consists of three layers, including input/output layers and one hidden layer which has nine neurons. The learning proceeds with the error-back propagation algorithm use the following feedback error signal as the teaching signal:
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Simulation Examples and Results
To demonstrate the performance of proposed algorithm, a simulation study has been carried out using a three link rotary robot manipulator whose parameters are taken from the first three links of a Puma560 arm. The edge to be deburred is a straight edge, with a normal burr, a step burr and a cavity as shown in Fig.2 . The deburring federate is set to 20mm/s for the whole process. The deburring force corresponding to the desired cutting depth(2mm) is 11.846N by Eq.1.
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Results of the conventional impedance control chamfering are shown in Fig.2 . Where c x is the position of the workpiece from CAD, e x is the actual position of the workpiece with the burrs, d x is the desired position of chamfered edge, and x is the actual position of the tool. d F is the desired force in normal direction, and e F is the actual force in deburring process. From the Fig 2(a) , It shows the finished surface has the imprint of the burr. As a larger burr is encountered , the error between the desired and the actual position is the about 90 percent of the burr height. Results of the intelligent controller are shown in Fig 3. The results show that a much better quality surface is achieved. the chamfering error of the bigger burr is about 10 percent of the burr height and the error is reduced about 88 percent. From the simulation results above, the advanced model and the neural network can be used to compensate the highly varied burrs, and the proposed controller has good force and position tracking capability.
Conclusions
An intelligent force controller with a neural netword based on the impedance control is proposed for the deburirng process. As the burrs are small and uniform, the position-based impedance control strategy enables the cutting force to be controlled to near the desired value and maintains the tolerance specifications for the finished surface. But when the burr is bigger enough, the chanmfering surface will replicate the shape of original contour. A neural network and an advanced deburring model are used to reduce the imprint of the burr profile in this paper. The simulation examples prove that an acceptable performance can be achieved by the controller.
